A practical method of breath-by-breath monitoring of metabolic gas exchange has been developed by GE Healthcare/Datex Ohmeda and incorporated into existing anaesthetic and critical care monitoring systems (M-COVX ® ). This device relates flow measurements made at the mouth by pneumotachograph to measurements of inspired and expired gas composition by matching the two waveforms thereby allowing continuous, breath-by-breath monitoring of an intubated patient's oxygen uptake and carbon dioxide production. Given that there is a paucity of data comparing this new device against methods more widely used clinically, we tested the device on 11 patients undergoing cardiopulmonary bypass surgery. Using a standard anaesthetic machine (Datex Ohmeda Excel 210 SE) with a semi-closed circle absorber system, oxygen uptake was measured at the mouth continuously throughout the operation at approximately six-second intervals. The data were compared against the reverse Fick method and against standard indirect calorimetry using the Haldane transformation. When compared to the calculated reverse Fick oxygen uptake, a mean difference of +16.5% was found pre-bypass and +9.9% post-bypass, consistent with uptake of oxygen by lung tissue, which is not taken into account by the reverse Fick method. Measurements made comparing the M-COVX metabolic monitor against which this device can be incorporated into existing anaesthetic monitoring systems and its accuracy in measuring oxygen uptake, the M-COVX module is an attractive addition to existing perioperative monitoring.
Measurement of oxygen uptake ( VO 2 ) provides metabolic monitoring for patients under anaesthesia and in the intensive care unit 1 . In critically ill patients VO 2 has been shown to provide valuable clinical information in directed therapy 2 . It acts as a useful monitor of cardiovascular dysfunction 3 and as a useful end-point for resuscitation 4 . During anaesthesia VO 2 measurement may be useful for assessment and early intervention in acute metabolic, cardiovascular and respiratory disturbances. Traditionally, however, measurement of a patient's VO 2 has been uncommon intra-and postoperatively.
In patients cannulated with arterial and pulmonary artery catheters, calculation of the VO 2 can be made directly using the reverse Fick equation 5 .
where CaO 2 is the calculated arterial oxygen content of the sample, CVO 2 is the mixed venous oxygen content and Q Thermo is the cardiac output measured by thermodilution. Such an invasive method carries with it additional risk and is felt by many clinicians to be unwarranted, but has been considered by many to be the clinical 'gold standard'.
Indirect calorimetry, a more practical method of measuring VO 2 intra-operatively, has been established for many years 6 and makes possible the measurement of whole body VO 2 without the need for placement of a pulmonary artery catheter. The majority of calorimetric methods previously described utilise the Haldane transformation (nitrogen dilution) technique. This avoids the need to measure both inspired ( VI VE ), allowing other. A widely used and validated system utilising this principle is the Deltatrac (Datex-Ohmeda, Finland). The disadvantages of this type of system lie in its initial costs, large size and the need for repeated rigorous calibration 1,7-9. A new device, the M-COVX metabolic module (Datex-Ohmeda, Finland) is a bedside module that interfaces with existing theatre and ICU monitoring systems. This module overcomes many of the problems associated with the Deltatrac, being of substantially smaller size and lower cost while also allowing integration with existing haemodynamic monitoring. The M-COVX system permits breath-by-breath measurement of VO 2 and VCO 2 and concentration measurements made at the mouth. The manufacturer quotes an expected accuracy of ±10% with an FIO 2 of less than 0.7 and respiratory rate under 35 breaths per minute. This performance is comparable to the Deltatrac monitor [8] [9] . However, there is a lack of published clinical data comparing measurement of gas exchange using the M-COVX device against other validated methods.
The aim of the current study was to test the M-COVX in cardiac surgery patients by comparison of VO 2 measured by the M-COVX ( VO 2 MCOVX) against simultaneous measurements made using the 'reverse Fick' method ( VO 2 Fick) and also using the standard indirect calorimetry technique ( VO 2 Haldane).
METHODS
Eleven patients undergoing cardiopulmonary bypass graft surgery at The Alfred Hospital, Melbourne, Australia were recruited to the study. Ethical approval was obtained from the institution's human research ethics committee and written informed consent was obtained from each patient at the time of surgical admission.
Prior to surgery patients were cannulated in accordance with routine anaesthetic management with a peripheral arterial line and pulmonary artery catheter (Edwards, California, U.S.A.). Following a period of one to two minutes of pre-oxygenation, anaesthesia was induced with a combination of fentanyl, a benzodiazepine, propofol and a neuromuscular blocker. Maintenance of anaesthesia propofol titrated according to depth of anaesthesia with the assistance of bispectral index monitoring. Following endotracheal intubation, controlled ventilation was initiated using a 7900 series ventilator (Datex-Ohmeda, Finland) with tidal volumes of approximately 7 to 10 ml.kg -1 at a rate of 9 to 12 breaths/min using a standard circle absorber breathing system attached to a Datex-Ohmeda Excel 210SE anaesthetic machine. Fresh gas rotameter -1 (3.0 l.min -1 air and 2.0 l.min -1 O 2 ) giving a fresh gas O 2 concentration of slightly over 50%, although the anaesthetist was able to increase this if it was clinically indicated.
During this period measurements of oxygen uptake were made at the mouth by the M-COVX metabolic corrected to BTPS (body temperature and pressure saturated) 10 . This process was repeated at four discrete points during the operation; two measurements were made pre-bypass and two post-bypass.
the second approximately 30 minutes poststernotomy. The third measurement was made approximately 10 minutes following complete was made immediately following sternal closure.
Measurement for the reverse Fick comparison
At the four points in time listed above, simultaneous paired blood samples were drawn from the arterial line and the distal lumen of the pulmonary artery catheter. Blood samples were analysed immediately at point of care for oxygen saturation, oxygen partial pressure and haemoglobin content on the operating suite's blood gas analyser (Rapidlab 1265, Bayer Diagnostics, Sudbury, U.K.). Measured values for oxygen saturations and partial pressure were corrected to body temperature (37°C). During the measurements were made by thermodilution using a 10 ml bolus of normal saline at room temperature and the results were averaged. Individual results were excluded if they were more than ±10% outside of the mean value. Oxygen content of both the arterial and mixed venous samples were obtained by calculation using Equation 2 below.
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Using the cardiac output measurement in conjunction with the calculated arteriovenous oxygen content difference, oxygen uptake ( VO 2 Fick) in ml.min -1 was determined by the reverse Fick method using Equation 1. Heart rate, mean arterial pressure, pulmonary capillary wedge pressure, end-tidal CO 2 concentration, room and patient temperature measured by nasopharyngeal probe were also noted at this time.
Measurement system for the indirect calorimetry comparison
Calculation of VO 2 by the standard indirect calorimetry technique 11 ( VO 2 Haldane) was done at the four points in time listed above, according to the principle of mass balance of O 2 and N 2 between fresh gas and mixed exhaust gas streams within the breathing circuit:
where VFT VXT is total FFO 2 and FXO 2 are fractional concentrations of O 2 in fresh gas and mixed exhaust gas respectively. According to the Haldane transformation 5 ,
The measurement system for the indirect calorimetry technique was incorporated within the anaesthesia delivery system and consisted of a FIGURE 1: Schematic diagram of the anaesthetic circuit and measurement system. A standard anaesthetic semi-closed circle absorber circuit, incorporating a soda lime canister was attached to an anaesthetic delivery system, consisting of an anaesthetic machine and ventilator. Continuous side-stream sampling of exhaust gas by the gas analyser was done, with intermittent fresh gas sampling for calibration of the system allowing a measurement of oxygen uptake to be made by a standard Haldane technique. A D-Lite flow sensor was placed at the patient's mouth, distal to the bacterial filter to which the M-COVX metabolic monitor was connected. Measurements of oxygen uptake made by this device were transferred to computer for later analysis.
(3)
rapid gas analyser and computer with analog-digital converter card as depicted in Figure 1 . Values for machine rotameters and this value was entered into using the 1.0l dry gas syringe and were found to be able to be accurately set visually to within 1%. The system was checked for leaks using a static pneumatic compression manoeuvre and found to lose not more than 10 ml.min -1 under average operating circuit pressures. Concentration measurements of exhaust gas were made distal to the ventilator's bellows ensuring full mixing of gas. Concentrations measured in the exhaust gas stream were found not to vary by more than 0.5% under steady state conditions. The rapid gas analyser (Datex Capnomac Ultima, Datex-Ohmeda, Finland) measured O 2 concentration paramagnetically, with an observed standard deviation under steady state conditions of 0.1%.
were measured by infrared spectroscopy and N 2 concentration calculated by subtraction of all other gases from 100%. Analog data were downloaded from the analyser to the computer every 100 msec via the analog-digital converter card (12-bit Burr-Brown). The fresh gas O 2 concentration calculated compared to an average value measured by the analyser over a period of 15 seconds at the beginning of the measurement process and again after each automatic recalibration (or 'zero') of the analyser which occurred approximately every half hour. The measured difference (delta FO 2 ) was used to correct all subsequent Fx -O 2 measurements. This effectively recalibrated the O 2 concentrations measured by the analyser against the rotameter settings. A 'zero uptake' calibration was also performed daily to ensure there was no offset in the measurement system due to circuit leak. A pair of two-litre silicone Douglas bags were ventilated until a period steady state had been reached and the measured offset in the system during this period calculated. This value was then subtracted from all measurements of VO 2 made during the operation. The 'zero uptake' value was found to not vary greatly and was generally between -5 to -10 ml.min -1 .
Statistics
The assessment of agreement between simultaneous paired measurements of VO 2 measured by M-COVX ( VO 2 MCOVX) and the VO 2 Fick was done by the method of Bland and Altman 12 , calculating mean difference (bias, being measured VO 2 MCOVX -VO 2 Fick) and the standard deviation of the differences (precision) and limits of agreement (bias ±2 standard deviations). A similar comparison was made between VO 2 MCOVX and VO 2 Haldane.
RESULTS
Data were collected from all 11 patients recruited to the study (average age 65 years). Nine patients were undergoing coronary artery bypass graft surgery, one was undergoing a valve replacement, whilst the remaining patient underwent both bypass graft surgery and valve replacement. Mean VO 2 Fick pre-bypass (and standard deviation) was found to be 162.9 ml.min -1 (30 ml.min -1 ) and rose to 190.1 ml.min -1 (50 ml.min -1 ) post-bypass, while the mean VO 2 MCOVX was 195.6 ml.min -1 (26 ml.min -1 ) pre-bypass and rose to 209.3 ml.min -1 (28 ml.min -1 ) post-bypass. In comparison VO 2 Haldane was found to be 185.5 ml.min -1 pre-bypass and 213.9 ml.min -1 post-bypass. Measured values used for the calculation of VO 2 Fick are shown in Table 1 giving the standard deviation found across all patients. The mean bias measured between VO 2 Fick and VO 2 Haldane was found to be 20.9 ml.min -1 (26.3 ml.min -1 ) pre-bypass and 23.9 ml.min -1 (31.0 ml.min -1 ) post-bypass giving an overall bias of 10.8% or 22.3 ml.min -1 (28.6 ml.min -1 ) across all 11 patients. Table 2 shows the VO 2 Fick value against which the VO 2 MCOVX was compared for both preand post-bypass measurements, Figure 2 shows a Bland and Altman plot of this in vivo data (points displayed with a cross through them to distinguish a pre-bypass measurement from one made postbypass). The mean bias (and standard deviation) pre-bypass was 32.7 ml.min -1 (36.8 ml.min -1 ) while post-bypass it was 19.3 ml.min -1 (22.4 ml.min -1 ). Correlation between the two methods was good (r=0.72, P<0.01 overall), given the relatively narrow range of oxygen uptake among the patient population 13 . Overall the mean bias of the M-COVX metabolic monitor when compared against the reverse Fick was 25.42 ml.min -1 (13.5% of the mean), with a standard error of 5.3 ml.min -1 and a standard deviation of 34.3 ml.min -1 . Table 3 shows a comparison of VO 2 MCOVX against VO 2 Haldane both pre-and post-bypass. Mean bias (standard deviation) pre-bypass was found to be 19.3 ml.min -1 (31.8 ml.min -1 ) while post-bypass it was -4.7 ml.min -1 (28.2 ml.min -1 ). Figure 3 shows a Bland and Altman plot comparing these two indirect calorimetric methods. Overall the mean bias measured across all 11 patients was 3.4 ml.min -1 or 1.8 % of the mean (29.4 ml.min -1 ). Correlation between VO 2 MCOVX and VO 2 Haldane was also found to be good (r=0.71, P<0.01) 13 .
DISCUSSION
Our testing of the M-COVX metabolic monitor has demonstrated acceptable accuracy and precision across a range of VO 2 values when compared against the clinical standards we used. Our results are similar to those of McLellan et al, who compared the Deltatrac metabolic monitor against the M-COVX metabolic monitor in measurement of VO 2 . The standard deviation (SD) in their study at a similar FiO 2 was 28 ml.min -1 compared to our own SD of 31 ml.min -1 when comparing the M-COVX with the standard Haldane method. This level of precision is typical of studies comparing different methods for measurement of lung gas uptake in the clinical setting 1, 3, 14, 15 .
In assessing the agreement between different methods, it is important to point out that both of the clinical standards we used have their strengths and weaknesses. The M-COVX and standard Haldane technique share some common features. They are both based upon the assumption of no net exchange of nitrogen by the patient, using N 2 concentrations (calculated by subtraction of all the other measured gas concentrations from 100%) to relate inspired to error in gas exchange measurement, but requires a minimum N 2 concentration in the gas mixture for accuracy and precision 16 M-COVX state that at least 20% N 2 should be present in the fresh gas mixture for this reason. The two methods measure gas concentrations at different points in the breathing and gas delivery different methodologies. The M-COVX measures both at the mouthpiece while the Haldane technique uses the calibrated rotameters to control, deliver
The measured N 2 concentration in the exhaust gas calculation of the VO 2 . Nevertheless, the possibility of spurious agreement between the M-COVX and the Haldane measurement system, due to mathematical coupling, could not be excluded. For this reason, the clinical comparison using the reverse Fick method is valuable, as it avoids this possible drawback.
While the 'reverse Fick' method has been a commonly used physiological standard against which calorimetric methods have been compared, it also has limitations 1 . Measurement of cardiac output by thermodilution has traditionally been assumed to be accurate to within ±10% of the true value 17 . However, poorer agreement has been demonstrated when this measurement has been compared against gold 18 . Overestimation of low cardiac output values in humans has also been shown [19] [20] [21] [22] . During a complete 'reverse Fick' VO 2 calculation, propagation of random measurement errors throughout the calculation process has also been shown 1 . Conservative estimates of error in measured input variables has been shown to lead to errors of the order of 10% under normal haemodynamic patterns, and 20% under hyperdynamic patterns, prompting some to question the usefulness of this method as a 'gold standard'. Methods based on indirect calorimetry are generally now assumed to be superior standards 1, 23, 24 .
Despite these concerns, the reverse Fick method provides a useful standard to assess bias and accuracy in another method provided that a large enough series of data is collected to reduce the standard error of the mean, and an allowance is made for the presence of lung tissue uptake, which is not measured by the reverse Fick approach. Calculation of the mean bias of 13.5% found in this current study is consistent with values measured by previous workers 14, [25] [26] [27] . This has been attributed to lung tissue uptake of O 2 , although another likely contributing factor is net elimination of N 2 by the body. This has been described by Beatty et al 28 in the setting of open abdominal surgery and 14 , and is due to initial denitrogenation of lung and body N 2 stores followed by ongoing absorption of atmospheric N 2 by exposed viscera. Rates of N 2 elimination similar to those described by Beatty et al 28 can be calculated to produce an overestimation of VO 2 using the Haldane transformation of 2 to 3%.
While the overall standard deviation across all measurements was moderate, intra-measurement variability (standard deviation) for the M-COVX excellent with an average value of 5.5 ml.min -1 McLellan et al 8 . While providing continuous, breath by breath measurement of VO 2 this device also has the added advantage of having a quick response measurements made at the mouth. The response rate. These advantages are not shared by traditional indirect calorimetric methods, which rely on thorough mixing of expired gases prior to measurement, which introduces some delay in measurement.
Given its adaptability to easily integrate into existing monitoring systems and its quick response time to real changes in VO 2 , the M-COVX metabolic module is an attractive addition to routine clinical monitoring. While the value of routine metabolic monitoring in the critically ill patient is readily appreciated 1 , its use in anaesthetic practice, particularly for major surgery, may provide insights into patient physiology currently overlooked in the clinical setting 29 . Its application during anaesthesia will be assisted by its ease of use and availability. Further testing of the M-COVX device on patients with higher is indicated to validate the device across a wider range of gas exchange values seen more commonly in the intensive care unit (e.g. in septic patients). Given the ease with which new devices such as the M-COVX metabolic monitor can be incorporated into existing haemodynamic monitoring systems this addition to patient monitoring may soon become common practice.
